Hypericum perforatum L. is a widely known medicinal herb used mostly as a remedy for depression because it contains high levels of naphthodianthrones, phloroglucinols, alkaloids, and some other secondary metabolites. Quantitative real-time PCR (qRT-PCR) is an optimized method for the efficient and reliable quantification of gene expression studies. In general, reference genes are used in qRT-PCR analysis because of their known or suspected housekeeping roles. However, their expression level cannot be assumed to remain stable under all possible experimental conditions. Thus, the identification of high quality reference genes is essential for the interpretation of qRT-PCR data. In this study, we investigated the expression of 14 candidate genes, including nine housekeeping genes (HKGs) (ACT2, ACT3, ACT7, CYP1, EF1-a, GAPDH, TUB-a, TUB-β, and UBC2) and five potential candidate genes (GSA, PKS1, PP2A, RPL13, and SAND). Three programs-GeNorm, NormFinder, and BestKeeper-were applied to evaluate the gene expression stability across four different plant tissues, four developmental stages and a set of abiotic stress and hormonal treatments. Integrating all of the algorithms and evaluations revealed that ACT2 and TUB-β were the most stable combination in different developmental stages samples and all of the experimental samples. ACT2, TUB-β, and EF1-a were identified as the three most applicable reference genes in different tissues and stress-treated samples. The majority of the conventional HKGs performed better than the potential reference genes. The obtained results will aid in improving the credibility of the standardization and quantification of transcription levels in future expression studies on H. perforatum.
INTRODUCTION
An increasing number of studies on the gene expression levels in plants are being carried out to better understand the signaling and metabolic pathways underlying the developmental processes involved in plant development and growth, as well as plant responses to biotic and abiotic stresses (Moreno-Risueno et al., 2010; Yamaguchi et al., 2010; Wang et al., 2011) . Methods for assessing gene expression include northern blot, gene chips, semi-PCR, RNase protection analysis, and Quantitative real-time PCR (qRT-PCR). qRT-PCR has become a very popular and effective method for detecting and quantifying gene transcription levels because of its high sensitivity, specificity, reproducibility, and accuracy (Nolan, Hands & Bustin, 2006) . Reliable quantification of gene expression levels using qRT-PCR analysis requires the standardization and fine-tuning of several parameters, such as the amount of initial sample, RNA recovery and integrity, enzymatic efficiency of cDNA synthesis and PCR amplification, and the overall transcriptional activity of the tissues or cells analyzed (Nolan, Hands & Bustin, 2006; Udvardi & Scheible, 2008) . The expression stability of frequently used reference genes also cannot be neglected. Therefore, the normalization of the transcript levels of test genes is essential for minimizing technical differences that arise in different samples and experimental conditions (Udvardi & Scheible, 2008) . More importantly, the selection of stable reference genes must be done before qRT-PCR analysis.
An appropriate reference gene is not affected by the experimental conditions and remains at an invariable level among samples (Bustin & Mueller, 2005) . However, the transcription levels of the traditional reference genes and even some housekeeping genes (HKGs) can vary between different types of tissue and under different treatment conditions (Leal et al., 2015) . Therefore, a growing number of studies have been published on the analysis and evaluation of the stability of internal reference genes in plant tissues under different conditions. Consequently, different reference genes should be applied for different experimental materials and conditions. In addition, the use of reference genes with lower stability may lead to an erroneous understanding of the qRT-PCR results and mask the true nature of gene expression (Brattelid & Levy, 2011; Bustin & Nolan, 2004) .
Hypericum perforatum L. (commonly known as St. John's wort) is a widely known medicinal herb used mostly as a remedy for depression (Veronika, 2003) . Pure essential compounds isolated from H. perforatum, namely naphthodianthrones and phloroglucinols, have been shown to possess anti-depressive, anti-cancer, anti-viral, anti-inflammatory, and other activities (Birt et al., 2009; Filippo et al., 2011) . Xanthones and flavonoids have also been identified in extracts from this plan (Schröder, 1997) . To date, a limited number of qRT-PCR studies focusing on H. perforatum have been published. Velada et al. (2014) studied the stability of 11 candidate reference genes analyzed in H. perforatum plants subjected to only cold and heat stresses, and TUB was found to be the most stable gene under both experimental conditions. Therefore, it is essential to screen suitable reference genes in different tissues of H. perforatum under different experimental conditions. Ribosomal RNA and some HKGs are usually used as reference genes, such as actin (ACT), tubulin (TUB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and polyubiquitin (UBQ) (Costa et al., 2015; Goulao, Fortunato & Ramalho, 2012; Llanos, François & Parrou, 2015; Willems, Leyns & Vandesompele, 2008) , whereas many studies have revealed that the most commonly used HKGs are not always reliable among different experimental samples. Thus, an evaluation to screen the optimal HKGs in different species is urgently needed (Ohl et al., 2005; Selvey et al., 2001; Thellin et al., 1999) .
This study aimed to assess the expression stabilities of 14 reference genes in 15 experimental samples using qRT-PCR, including nine traditional HKGs and five potential reference genes: GAPDH, actin (ACT2, ACT3, and ACT7), ubiquitin-conjugating (UBC2), elongation factor (EF1-a), tubulin (TUB-a and TUB-β), cyclophilin (CYP1), polyketide synthase (PKS1), glutamate semialdehyde aminomutase (GSA), SAND family protein (SAND), ribosomal protein L (RPL13) and protein phosphatase 2A (PP2A). These genes were selected from the H. perforatum genome sequencing data obtained in our lab. In this study, we evaluated the transcriptional stability of these genes in different tissues, developmental stages and under different stress conditions to determine the most stable reference genes.
MATERIALS AND METHODS

Plant materials
H. perforatum seeds (2n = 2Â = 16) were germinated on a seedling bed in the glasshouse (25 ± 2 C, natural lighting, 60-80% humidity). Whole plant tissues were collected at the one-month-old (1M), two-month-old (2M), three-month-old (3M), and six-month-old (6M) stages. Samples of different tissues (leaf, flower, stem, and root) were taken from two-year-old plants (2n = 2Â = 16). 3M seedlings were subjected to abiotic stresses and hormonal treatments, including 10 mM salicylic acid (SA), 200 mM methyl jasmonate (MeJA), 100 mM abscisic acid (ABA), one mM AgNO 3 (Ag), 200 mM CuSO 4 (Cu), 100 mM NaCl (Na), low temperature (4 C) and wounding (W). The stress-treated samples were each collected 6 h after the corresponding treatments, and the control groups were collected following non-treatment. All samples were collected in three replicates, frozen in liquid nitrogen immediately, and then stored at -80 C.
Total RNA isolation and cDNA synthesis 
Selection of reference genes and primer design
We performed genomic sequencing of H. perforatum using Illumina paired-end, 10Â Genomics linked reads and PacBio SMART (GenBank accession numbers: MK054303, MK106356-MK106365). The transcriptome sequencing of H. perforatum for the roots, stems, leaves, and flowers assisted annotation. The 14 candidate genes, including nine traditional HKGs (ACT2, ACT3, ACT7, CYP1, EF1-a, GAPDH, TUB-a, TUB-β, and UBC2) and five potential reference genes (PKS1, GSA, RPL13, SAND, and PP2A) which have been used as candidate genes in other studies (He et al., 2016; Li et al., 2017; Velada et al., 2014) , were selected for the assessment of the most stably expressed reference genes (Table S1 ). To ensure the accuracy of the reference gene predictions, we first screened the candidate genes according to the genome annotation of each, which was assigned based on the best match of the alignments using Blastp to SwissProt, KEGG, NR, and TrEMBL databases. Then the coding sequences of the 14 selected genes were used as queries for BLAST orderly through the TAIR database (http://www.arabidopsis.org/) to further ensuring accuracy. The sequences with the highest homology with Arabidopsis are shown in Table 1 . The primers of all the genes were designed using GenScript (https://www.genscript.com) with a melting temperature between 59 and 61 C, a primer length of 20-25 bp, and an amplicon length of 70-180 bp. The descriptions of the candidate reference genes, primer sequences, and qRT-PCR amplification efficiencies are presented in Table 1 .
qRT-PCR conditions and analysis
PCR reactions were performed on the Roche LightCycler 96 system using SYBR Ò Master
Mix. Reactions were performed in triplicate in 20 mL volumes containing five mL 30-fold diluted synthesized cDNA, 10 mL SYBR Ò Master Mix, 0.4 mL 10 mM forward primer, 0.4 mL 10 mM reverse primer and 4.2 mL DNase/RNase-free deionized water. The cycling conditions were 95 C for 30 s, 45 cycles of 95 C for 5 s, and 60 C for 30 s, and a final melting curve analysis. Each reaction was set up with a negative control group and triple technical replicates were performed in each of three biological samples. To calculate the amplification efficiency from 10-fold continuous dilutions of the cDNA (10 0 , 10
, and 10
) for each gene, standard curves were constructed to obtain the correlation coefficients (R 2 ) and slope values. Using these standard curves, the corresponding PCR amplification efficiencies (E) were calculated (E = (10 -1/slope -1) Â 100) (Aleksandar et al., 2004) .
Assessment of expression stability
The expression stability of the genes was analyzed using three different Visual Basic applets, GeNorm (Schlotter et al., 2009) , NormFinder (Obrero et al., 2011; Zhang et al., 2016) , and BestKeeper (Rhinn et al., 2008; Rotenberg et al., 2006) . GeNorm derives a stability measure (M-value) via the stepwise exclusion of the least stable gene, and creates a stability ranking (Hu et al., 2009) . Genes with M < 1.5 are generally considered stable reference genes (Tong et al., 2009 ). This measure is based on the principle that the expression ratio of two ideal control genes should be identical in all samples; thus, genes with the lowest M-value are the most stably expressed (Dekkers et al., 2012) . The GeNorm pairwise variation (V) values between ranked genes (V n /V n+1 ) were determined for the optimal number of reference genes to be used in the quantitative analysis experiments. A cut-off of 0.15 (V n value) is usually applied (Vandesompele et al., 2002) . NormFinder uses an ANOVA-based model to estimate intra-and intergroup variation within tissues or treatments ("groups" in NormFinder terminology) to assess the expression stability (Marchal et al., 2013) . For GeNorm and NormFinder, the raw Ct values need to be converted to relative quantities (Q) using the formula Q = 2 -DCt
, in which DCt = each average Ct value-minimum Ct value (Yang et al., 2015) . In BestKeeper, the coefficient of variance (CV) and the standard deviation (SD) were calculated using the Ct values, with lower CV and SD values indicating higher stability (Migocka & Papierniak, 2011) . The mean standard error and level of statistical significance were calculated using GraphPad Prism 6.0, and the level of statistical significance was assessed using * P < 0.05, * * P < 0.01, and * * * P < 0.001. 
RESULTS
Primer specificity and expression level analysis of candidate reference genes
The gene names and abbreviations, accession numbers, primer sequences, amplification efficiencies, amplicon sizes, Tm values, and molecular functions are listed in Table 1 and Table S1 . The amplification efficiencies listed in Table S2 ranged from 92.5% (RPL13) to 109.5% (TUB-a), the Tm values varied from 81.2 C (PP2A) to 87.8 C (CYP1), and the amplicon sizes were between 76 (GAPDH and PKS1) and 170 bp (TUB-β). Furthermore, primer specificities were determined using melting curves (Fig. S1 ) and triple technical replicates were performed for each of the three biological samples. A single band indicated the correct size of each pair. The average raw CT values of different genes ranged from 18.15 to 32.32 (Table S3) . Data were analyzed within experiments and divided into four groups: tissues from two-year-old plants (TS: R, S, L, and F), seedling developmental stages (SG: 1M, 2M, 3M, and 6M), 3M seedlings exposed to abiotic stresses (ST: SA, MeJA, ABA, Cu, Ag, Na, 4 C and W) and a combination of all experimental conditions (TT). The expression levels of the 14 selected genes in the four groups are shown in Fig. 1 . Among them, UBC2 (TS) had the highest Ct value, but GAPDH (SG) had the lowest, indicating their levels of expression.
Stability of candidate reference genes
GeNorm was used to calculate the normalization factor from the geometric mean of the genes to identify the most stably expressed gene. The M-value is defined as the average pairwise variation of a particular gene with all other potential reference genes. The expression stability ranking of the 14 reference genes in the TT samples was arranged as follows:
Except for in the TT group, ACT2 and ACT3 were the genes with the lowest and highest M-values, respectively, ( Fig. 2 ; Table S4 ). The V 2/3 values for almost all of the experimental sets in H. perforatum were lower than the cut-off threshold of 0.15 (Fig. 3) , which indicated that the combination of two reference genes (ACT2 and TUB-β, or ACT2 and EF1-a) can accurately standardize these samples. For the TT group, V 2/3 was 0.2039, which indicated that the top three reference genes (ACT2, TUB-β, and CYP1) were required for accurate normalization. NormFinder with lower values indicating higher stability is another Excel application that ranks the candidate genes based on their minimal combined inter-and intragroup variation of expression. The results (Table 2) indicated that ACT2 was the most stable gene in the SG and ST groups. EF1-a and TUB-β ranked first in the TS and TT groups respectively. ACT3 was at the end of the rankings in all groups calculated using NormFinder. The stability order of the candidate genes calculated using NormFinder was nearly the same as that calculated using GeNorm, although there was a small difference. For example, ACT2 was identified as the most stable reference gene in the TS group with the GeNorm analysis, while its stability rankings placed it third within the NormFinder analysis.
BestKeeper is another Excel-based program and is able to compare the expression levels of up to 10 target genes, each in up to 100 biological samples. The CV and SD values of the 14 candidate genes computed using BestKeeper are represented in Table 3 . The smaller the SD and the CV values are, the better the stability of the internal reference genes. The expression of the reference gene was unstable when SD value is greater than one. The results revealed that ACT2 was the most stable genes for the ST and TT samples, while TUB-β ranked first in the TS and SG samples.
Reference gene validation
To test the reliability of the results, the relative expression patterns of the target gene HpHYP1, which belongs to the PR-10 family and is associated with stress control, were evaluated using different internal control genes in the roots, stems, leaves, and flowers. Based on the results of the present study, the top two stable genes (ACT2 and TUB-β) and the most unstable gene (ACT3) were chosen as internal controls. As shown in Fig. 4 , when normalized using ACT2 as the reference genes, the transcript abundance of HpHYP1 was upregulated compared with the results in the root samples. When ACT2 and TUB-β (as identified using GeNorm) were used as the internal references, the expression patterns were similar to those obtain with ACT2. When normalization was based on TUB-β alone, the expression level of HpHYP1 was still up-regulated. The only difference was that the expression level in stems was lower than that in leaves, although the difference was not significant. In general, when stable reference genes, including ACT2, TUB-β, and their combination, were used as internal parameters, HpHYP1 had the highest expression level in flowers. When normalized using the less stable gene ACT3, the target genes in all tissues were expressed at lower levels but showed significantly up-regulation (P < 0.001). Thus, the selection of inappropriate reference genes can lead to over-or under-estimation of the relative transcript level, which might lead to a biased result.
DISCUSSION
The reliability of qRT-PCR data will be greatly improved by the inclusion of a reference gene with a transcription level that is invariable across different experimental conditions. Numerous published studies have verified some common reference genes, especially the HKGs, in many species, such as in Arabidopsis thaliana (Dekkers et al., 2012 ), Salvia miltiorrhiza (Espinosa et al., 2015 , Cucumis sativus (Yi et al., 2004) , Gentiana macrophylla (Aleksandar et al., 2004) , and Isatis indigotica (Li et al., 2017) . In G. macrophylla (He et al., 2016) , SAND1 and EF1-a4 were found to be the most suitable overall; GAPC2 and SAND1 were identified as the best reference genes for the roots under abiotic stresses, while SAND1 and EF1-a4 were found to be the best for stressed leaves. For the tung tree, ACT7, UBQ, GAPDH, and EF1-a were the four optimal reference genes in all samples and developing seeds. ACT7, EF1-β, GAPDH, and TEF1 were the top four candidate genes for different tissues. However, the appropriate reference genes for H. perforatum under different experimental conditions had not yet been identified, possibly because there is very limited genomic information for H. perforatum in the NCBI database. With the rapid development of whole-genome sequencing technology, deciphering the genomes of medicinal herbs is a vital step in understanding and improving their medicinal value. For that reason, we assembled the first high-quality sequence of the H. perforatum genome. Therefore, the reported literature on H. perforatum (Velada et al., 2014; Yao, 2011) combined with the obtained genomic data provided the foundation for selecting reference genes. Additionally, the HpHYP1 gene, belonging to the PR-10 family associated with stress control, was used for validation of the candidate reference genes.
Housekeeping genes like those that participated in cell structure maintenance (ACT and TUB) or basic cellular processes (UBC and CYP) remain widely applied, but their expression can vary between different types of tissue (normal and pathological samples) and under different treatment conditions (drugs and chemicals) (Thorrez et al., 2008; Robinson, Sutherland & Sutherland, 2007) . Thus, normalization with multiple reference genes is becoming a popular and standard practice in plant research (Pfaffl et al., 2004) . In this work, 14 reference genes were chosen, including nine traditional HKGs and five potential reference genes. We assessed the expression patterns of these genes in different tissues, in different developmental stages, and under various abiotic stress treatments to identify the most stable HKGs for qRT-PCR analyses. As shown in Fig. 2 , no one gene had a constant CT value, demonstrating how important it is to identify the most suitable reference gene for normalizing expression under all detection conditions in H. perforatum.
The analytical procedures applied in our research based on statistical algorithms to assess the stability of reference genes are commonly used by researchers to select the best reference genes (Haller et al., 2004; Jarošová & Kundu, 2010; De Kok et al., 2005; Szabo et al., 2004; Vandesompele et al., 2002) . The three algorithms produced different results for the ranking of the 14 candidate reference genes, indicating the importance of using multiple types of software to obtain the best results. Furthermore, a comparison of the results of different algorithms used to assess reference genes results in a better evaluation and reduces the risk of the artificial selection of co-regulated transcripts (Ayers et al., 2007) . NormFinder and GeNorm use almost the same arithmetic, but GeNorm is used to determine not only the most stable reference genes but also the optimal number of gene combinations. In the present study, when the data were combined to determine the optimal number of reference genes, the pairwise variation of V 2/3 values for all of the experimental sets was lower than the cut-off threshold of 0.15 except for the TT group (Fig. 4) . Thus, these results indicate that the best combination (ACT2 and TUB-β, or ACT2 and EF1-a) should be used to improve the accuracy of the quantitative expression analysis of H. perforatum. For the TT group, V 2/3 was higher than 0.15, which indicated that the top three reference genes (ACT2, TUB-β, and CYP1) were required for accurate normalization.
In our research, GeNorm and NormFinder produced similar rankings for stability values, while BestKeeper always produced different rankings. Specifically, ACT2 was identified as the most stable gene for the SG and ST groups, and TUB-β was the most stable gene in the TT group according to NormFinder and GeNorm. The difference was that TUB-β was ranked first in the TS and SG groups and that ACT2 was ranked first in the ST and TT groups by BestKeeper. RPL13 was given a relative top ranking in all groups. In contrast, the expression stability value of RPL13 according to GeNorm and NormFinder was very low. Other previous studies have also reported similar differences between BestKeeper and other methods (Rapacz, Stępie n & Skorupa, 2012) . This variation in the results may be explained by the difference in the algorithms implemented by the three software packages. Homologous genes are widely used as reference genes for gene expression analysis. For example, ACT6, ACT8, and ACT7 were selected as internal controls for stress treatments in Fortunella crassifolia (Pfaffl et al., 2004) ; UBC19, UBC22, and UBC29 were selected as reference genes in the context of the relevant experimental conditions in I. indigotica (Li et al., 2017) ; and EF1A2a, EF1A2b, and EF1A1a1 were identified as the best reference genes under all tested conditions in Glycine max (Raman et al., 2015) . Nevertheless, as can be seen in our results, the three homologous genes (ACT2, ACT3, and ACT7) exhibited totally different expression levels when used for the normalization of qRT-PCR, especially ACT2 and ACT3 (Tables 2-3; Fig. 3) . Therefore, although the paralogous genes have similar structures, their expression levels are entirely different in terms of gene expression quantification.
In summary, our results indicate that the selection of reference genes has a significant impact on the normalized gene expression data in qRT-PCR experiments. We investigated the expression of 14 candidate reference genes across a large number of H. perforatum samples to identify the most stable genes for normalizing gene expression. The results of this study will provide useful information for future genomics and transcriptomics studies on this valuable medicinal plant.
CONCLUSION
Based on the gene stability analysis, we identified that ACT2 and TUB-β were the most stable combination in different developmental stages samples and all of the experimental samples. ACT2, TUB-β, and EF1-a were considered to be the three most applicable reference genes in different tissues and stress-treated samples. In conclusion, the reference genes identified in this study provides basic background information for qRT-PCR studies in H. perforatum. It will contribute to accurate and consistent expression analysis for functional genomic research.
